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PEMEC ASTs




ASTWG Charter

* Recommend to the DOE: Protocols and targets related to PEM-Electrolyzer

Electrolyzer Stack Goals by 2025
LTE PEM HTE
Capital Cost $100/kwW $100/kW
Electrical Efficiency (LHV) | 70% at 3 A/cm? 98% at 1.5 A/cm?
Lifetime 80,000 hr 60,000 hr

* Develop ASTs to predict 80,000 hours of life in desired application
* Develop additional ASTs to evaluate different PEM electrolyzer
components
Specific goals:
* Develop a duty cycle representative of electrolyzer operation while capturing

all degradation mechanisms
* Develop component specific ASTs to evaluate the durability of individual
components in a reasonable time period (1 week to 1 month)




Task Name

Develop Electrolyzer Duty cycle that captures all relevant

stressors at the MEA level
Anode Catalyst AST

PTL AST

Membrane AST

Catalyst layer ionomer AST
Cathode Catalyst AST
Bi-polar plate AST

Stressor Name

Dynamic load cycling

Shut down/Start up. Allowing Ir/IrOx redox
High current operation (> 3A/cm?2)

High voltage operation (> 2.5V)

Pressure cycling

Presence of contaminants (like Fe)
Hydrogen cross-over

ASTWG Priority

1
2
3
4
5
6
7
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Average

1.375
1.875
3.9375
3.125
5.5
6.375
6.1875

2.625
2.25
4.3125
3.3125
5.25
4.25
5.875

Std Dev

0.484
0.599
0.634
0.927
1.118
1.494
1.058

1.932
1.713
1.919
1.434
1.089
1.198
1.615



ASTWG OEM Feedback

* Electrolyzers degrade very slowly and need to operate for long times
e 7to 10 year (up to 80,000 hour)operation

* < 1% decay every 10,000 hours

* Membrane failure (pinholes) more important than catalyst degradation

* Need to develop 100x accelerated ASTs. Cannot use PEMFC developed ASTs
* Thrifting precious metal loading will need anode catalyst AST

* Thinner membranes will need membrane AST the take into account membrane
mechanical properties in addition to chemical degradation

e Lower cost PTL development will require a PTL ASTs

e Stressors to take into account
e Shutdown-Start up
* Dynamic Load following
* High pressure operation
* High current operation

MEA level AST should help predict impact of stack
material changes and operating conditions on
electrolyzer lifetime

Component level ASTs should reflect same
degradation mechanism for accelerated evaluation
of new materials.



Break-in Protocol

—#— Pre Break-in
| —— Post Break-in (Alia et al.)

1 2 3

Current Density (A cm™)

0

S. M. Alia, S. Stariha, and R. L. Borup. "Electrolyzer durability at
low catalyst loading and with dynamic operation." Journal of the

Electrochemical Society 166.15 (2019): F1164.

1 2 3 4
Current Density (A cm™)
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—=— Pre Break-in

| —e— Post Break-in - 15 cycles
—A— Post Break-in - 150 cycles
—v— Post Break-in - 500 cycles

0-10 T T T T 1
0 1 2 3 4

Current Density (A cm?)
7

New Break-in protocol being evaluated : Voltage cycling




Break-in Protocol

. . . . . . 0.20 : ' . - .
1.8 —e— Post Break-in (1"5 cycles) —e— Post Break-in (15 cycles)
—w— Post Break-in (500 cycles) 1 —v— Post Break-in (500 cycles) 1 45V
S —¥— Post Break-in (0.6 V Hold) 0.16 - Post Break-in (Alia et al.)
;’ Post Break-in (Alia et al.) -
(o)) NE
g 0 0.12- _
o G
> 1.6- | N
qq!l__; _g 0.08 - =
m
I 0.04 - i
0.00 : . . . : . . : .
0.0 0.1 0.2 0.3 0.4 0.5

Real Z (QQ cm?)

Current Density (A cm™?)

* New Break-in protocol results in improved anode kinetics with Alfa Aesar IrO, catalyst
* Being evaluated at NREL and needs to proven in other catalysts



MEA Name

LANL-H-210602-XQ-AST-MEA As prepared
LANL-H-210602-XQ-AST-210406-MEA01
LANL-H-210602-XQ-AST-210413-MEA02
LANL-H-210602-XQ-AST-210519-MEA05
LANL-H-210602-XQ-AST-210520-MEA06

MEA Configuration

Sample Description

Membrane

N212

N212 N211 N212
N212 N211 N212
N212 N211 N212
N212 N211 N212

Anode
Leadive Fabrication

Catalyst mgcm?  lonomer lonomer Wt.% Method
IrO2 (Alfa Aesar) 0.420D2020 10Rod coating
IrO2 (Alfa Aesar) 0.402D2020 10Spray coating
IrO2 (Alfa Aesar) 0.402D2020 10Rod coating
IrO2 (Alfa Aesar) 0.42D2020 10Rod coating
IrO2 (Alfa Aesar) 0.40D2020 10Rod coating

Catalyst

TEC10V50E
TEC10V50E
TEC10V50E
TEC10V50E

Break-In Conditions | AST Methods

Cathode
el Fabrication
mgcm?  lonomer |/C Method

0.1D2020 0.5 Ultrasonic Spray
0.098D2020 0.5 Ultrasonic Spray
0.098D2020 0.5 Ultrasonic Spray
0.096D2020 0.5 Ultrasonic Spray

Characterizations

MEAO1

I r0:/Nafion 212 MEAOZ

Eessseeeeeeeeeeeeeeeeeesssssn - Nafion 211

I P/C/Nafion 212 MEAGS

MEAO6

Shaun Alia’s ECS
paper

Shaun Alia’s ECS
paper

Shaun Alia’s ECS
paper

LANL (500 cycles)

30000 potential cycles TEM, EDX, XANE EOL

30000 potential cycles TEM, EDX, XANE EOL

N/A

N/A

TEM, EDX, XANE BOL

TEM, EDX, XANE BOL



AST cyclmg (Literature cond|t|omng)

1.8 T T

MEA 2 : Rod-Coated, 10% ionomer loading

22 . - B -Before Cycling

—=— Before Cycling - ® - After Cycling

—e— After Cycling

N
o
HFR-free Voltage (V)
P
1
1

s
e ™
g = -u- ¥ . I Nl -1
E 18 i j,’j":'._.’._.' .
™ ] .
»
14 T T T T T
14 0 1 2 3 4
0 1 2 3 4 Current Density (A cm?)
0.15 Break-in conditions: 1 hour hold at 0.2 A cm™, 1 hour hold at 1 A

cm2, 30 min hold at 2V, 2 h hold at 1.7 V, 30min hold at 2V.

AST conditions: 30,000 cycles of square-wave cycling between
1.45Vand 2 V.

HFR (O cm?)

0.10

° cU:,ent Densitf(Acm-z) : * Faster conditioning needs to be developed to better evaluate
durability



I (mA)

400

Characterization during cycling

MEA 2: Rod-Coated, 10% ionomer loading

300

200 |

100 -

0 -

=100

-200 -

-300 -

-400

—— CV_Before Cycling
—— CV_After Cycling b

Im (O)

. . T . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

E Vs. RHE (V)
0.04 {4 —=—Before cycling
—e— After cycling
0.03 -
0.02
0.01 -
0 - T T T T
0.005 0.01 0.015 002 0.025 0.03
Re (0)

EIS under H, and N,

Im (O)

.03

9x10 T T T T T
——1.45 V Before cycling
8x10° 4 1 45 V After cycling 7
7x107 4
6x107 - B
Q sx10° { g
E

4x107 o B
3x10° 4 -
2x107 L
1x10° - L

0 T T T T T

0.005 0.01 0.015 0.02 0.025
Re (O)
T T T T T
——1.60 V Before cycling
6.0x10% 4—— 1.60 V After Cycling i
4.0x10™ -
2.0x10™ E
0.0 T r T T T T T T
0.0050 0.0055 0.0060 0.0065 0.0070
Re (O)

EIS can be used to
track changes in the
electrode. Pol curves
are not so sensitive.

OER Kinetic resistance
under Electrolyzer
operation at constant
potential of 1.45V

H,/N, sheet
resistance. Potential Ir
incorporation into the
ionomer.



Characterization during cycling

T T T T T T T T 1 1.6 -1 ' ' ' ' -1

32 == MEA1_spray coated_After Alia conditioningand AST 1
1|—®—MEA2_rod coated_After Alia conditioningand AST 1 )
3 {|-4—MEAS5_rod coated_Alia conditioning m 1.58 4 b
Jl—w—MEAG_rod coated_LANL conditioning i E
2.8 4 i 1.56 _
S 26- i _ 154 1 i
o ; ! > ]
o
8 24 4 - 8 1.52 - -
E ] | g ]
2.2 5 g 15 4 -
| | 9 i
2 -~ b E 148 - E
1.8 1 - 4 .
] ] T 146 —m— MEA1_spray coated_After Alia conditioning and AST
16 4 _ ] —®— MEA2_rod coated_After Alia conditioning and AST ]
a ] 144 4 —A— MEA5_rod coated_Alia conditioning .
1 —w— MEA6_rod coated LANL conditioning 1
14 1 T 142 - .
1 v 1 v 1 v 1 v 1 T r T r T r T T
0 1 2 3 4

1 2
2 Current Density (A cm'z)
Current Density (A cm™)

* All samples show little to no electrochemical degradation during the 30,000 cycle AST
* Amount of conditioning determines the kinetic performance
* Three layer spray coated MEA showed water transport problems at interface
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EOT Characterization (APS)

Ir_L3_LANL_Anode_2021.06.04_10bm

14

12

10

Spray, NREL conditioning, 30K AST
As-prep.
od, NREL conditioning, 30K AST

I LANL conditioning, No AST
| NREL conditioning, No AST

Ir_L3_LANL_H_210602_XQ_As_Prepared_Anode_IrO2-N212 merge 11-18 =
Ir_L3_LANL_H_21062_XQ_AST_21045_MEAO1_Anode_IrO2-N212 merge 11-18 ==
Ir_L3_LANL_H_210602_XQ_AST_210413_MEA02_Anode_IrO2-N212 merge 11-18 ==
Ir_L3_LANL_H_210602_XQ_AST_210519_MEA05_Anode_IrO2-N212 merge 11-18 == |
Ir_L3_LANL_H_210602_XQ_AST_210520_MEA06_Anode_IrO2-N212 merge 11-18 =——

Extent of Ir coordination with oxygen increases in
order: Spray, NREL cond., 30K AST > As-prep.=Rod,
NREL cond. 30K AST > LANL cond.>NREL cond.

NREL conditioning, No AST:
Prominent peak at 2.7 Ais Ir-
Ir scattering from Ir metal.
Coordination number is small,
indicating <50% Ir metal in

Radial distance (A)

Argonne &



EOT Characterization (APS)

16 4
158
156
154

1.52 1

HFR-free Voltage (V)
&

o 4o
N
o ©

1.44 4

142 4

|—m— MEA1_spray coated_After Alia conditioning and AST
—@— MEA2_rod coated After Alia conditioning and AST
—A— MEA5_rod coated_Alia conditioning

—w— MEAG6_rod coated LANL conditioning

T T T T T T T
1 2 2 3 4
Current Density (A cm™)

] Extent of Ir oxidation decreases in the following order:

NREL cond. Spray, 30K AST (MEA1)

= NREL cond. Rod, 30K AST (MEA2)
LANL cond. Rod (MEAG®6)
NREL cond. Rod (MEA5) (mix of oxide and metal)

1 Performance decreases in the following order:

NREL cond. Rod, 30K AST (MEA2)

NREL cond. Spray, 30K AST (MEA1)

LANL cond. Rod (MEAG®G)

NREL cond. Rod (MEA5) (mix of oxide and metal)

Argonne &



EOT Characterization (ORNL)

#5 anode

MEA #5 does have chunks of Ir
metal in it

TEM (ORNL) data consistent
with X-Ray (ANL) data

Alfa Aesar catalyst is a mixed Ir
metal IrO2 catalyst

MEAs with more Ir metal to
start with have lower as
prepared performance and
take longer to condition

I %OAK RIDGE
National Laboratory



EOT Characterization (ORNL)

#5 anode

Ir particles observed in the membrane right next to
the anode catalyst layer even after just conditioning
the MEA

Ir within the membrane




EOT Characterization (ORNL)

Spectrum (o) Ir
Spectrum (0) Ir 222 ; :2 2;
map 1 77 23 #1 anode map 4 58 42
as-prEpared ng § 21 gg Mean value: 61 39
map 5 84 16 Sigma: 3 3
Mea_n value: A 29 Spectrum o Ir
Sigma: 11 11 map 1 71 9
map 4 72 28
#2 anode mEpLD 70 30
e Overview and EDS Quant of IrOx B s
* Ir(ox?) observed in membrane for all e
samples except as-prepped and #6 O S
#5 anode map 4 61 39
i Sample #5 haS big ChunkS Of |r metal Mean value: 60 40
(>500nm) Sigma: 16 16
* Trends in extent of oxidation hard to Speelim L 2
determine with EDS #6anode | T I ——T—5
Mean value: 65 35

Sigma: 3 3 OAK RIDGE

National Laboratory



Cycling to lower potential

MEA 8: Rod-Coated, 10% ionomer loading, on N115 membrane

Cathode: 10V50E, spray coated, 0.1 mg/cm?2
Anode: Alfa Aesa IrO,, rod coated, 0.4 mg/cm?

-

T T T T
1 2 3 4

Current Density (A cm?)

—m— Before break-in

—@— After LANL break-in
—A— After 1500 cycles 2V -0.35V
—y— After 5000 cycles 2 V - 0.35

-
o
1

Voltage (V)

N
(9,1
1

HFR-free Voltage (V)

-

Current Density (A cm™)

o
N
N

o
[N

HFR (O cm?)

o °© o o
S L L o
N A O ®

T T T T T T
0.005 0.0055 0006 0.0065 0.007 0.0075 0.008

Current Density (A cm?)

EIS tested at 1.6 V

Break in procedure
leads to significantly
improved performance
N2 used on the anode
side to lower potential
faster (if not wait times
to reach 0.4V > 30
mins. Currently < 5
mins)

Degradation observed
in EIS even with just
5000 cycles (not
reflected in pol curve



Voltage (V)

0.145

0.14 4

0.135 +

0.13 1

0.125 4

Cycling to lower potential

—=a— After LANL break-in
1 |—®— After 6500 cycles
—a— After 21800 cycles

o

T T T
1 2 3

Current Density (A cm?)

HFR-free Voltage (V)

0.03 . . .
7 —=— After break-in
0.025 | % After 5000 cycles
’ —aA— After 21800
1.55 - 0.02
2 o015
15 E
0.01
1.45 0.005
T T T : : EIS tested at 1.45 V
0 ! 2 3 4 0 T T T T T T T T
Current Density (A cm'z) 0 0.01 0.02 003 0.04 0.05 006 007 0.08

Re (O)

* Cycling to lower potential does yield greater
degradation rates that previous 1.45 V to 2V cycling

* More cycles lead to performance change even with
the 0.4 mg/cm? Ir loading



Membrane degradation

e
N

FER (0g cm™ hr)
©
[-;]

e
-

Membrane OCV AST

* OCV with H, (200 sccm)/ O,
(200 sccm)+H,0 (

e o @
w £ (3}
1 1 1

o
N
1

A

T T T T T
—a—FER
—4—SER

Solid - Cathode
Open - Anode

Time (Hr)

0 T T T T T T T T 0
0 50 100 150 200 250 300 350 400 450

25 cc/min)

0.08

o
o
o

o
(=]
H
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40.02

FER (0g cm™2hr)

0.7 -

e 2 e o o 9
= N w M o o
) L A ) .

0

N212
N115

N117

F

—=—FE

—4A—SER

Solid - Cathode
Open - Anode

0

100

300 400
Time (Hr)

200

500

Low FER corresponding to membrane degradation

Comparable amounts in anode and cathode
Increases with increasing fluoride inventory (increasing membrane thickness)

Decreases with decreasing crossover

S

F S

pug cm-2 hr-1 pg cm-2 hr-1

40.02

pg cm-2 hr-1 ug cm-2 hr-1 um-1 pum-1
0.398 0.036 0.00796 0.00072
0.17 0.0149 0.00136  0.000119
0.666 0.055 0.003806  0.000314
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Membrane degradation

Membrane degradation electrolyzer
* 0.6 A/cm? with H,0 @ 25 cc/min

2-5 T T T T T T T T T
24 . N1 ] -
2 . ‘ ]
o 237 i i
€5, Dot |
02.2-_ . R
=
;2.1—_ S - )
S 20- . ] -
© - - L 8{ —m—FER .
$1.9- . T o .| —#4SER
] : 6 i
= 1.8 - - g
;: = ..o _ 4 Solid - Cathode -
1.74; . 2 ] Open - Anode ]
1-6 T T T T T T T T T T 0 ] . . i , é
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (Hr)

Time (Hr)
Significantly higher FER



PEMFC Component Specific ASTs




Cathode electrocatalyst AST

0.6 to 1.0V cycles 0.6 to 0.95V cycles  Frosh Basel
. 80 - resh Baseline
Triangle wave (50mv/s)  Trapezoid (0.5s rise time) New AST 5X faster than 70 1 ® Potential Cydling
old AST and 25X faster o | A Potential Hold
_» o . T, ® Drive Cyce 1
o g than FCTT durability S —=-Drive Cycle 2
>o.7/\/\ T | I I | l I I l I I protocol E® X Fresh (Different carbons)
= w0 2 © s o © < 30 Simulated
Time (s) Time (s) [72]
O 20 -
Target = 133 hours Target = 50 hours 10 -
o T T T T T 1
70 - 0 2 4 6 8 10 12
70 1 0.15mg.Pt/cm? of Pt/C-HSA Pt/C @ 0.15mg.,,/cm? Average Pt Particle Size (nm)
60
60 & 4.8mm 4.3nm to 4.6nm ECSA can be used as a surrogate
g0 3.6nm g ] to track particle size increase
;:' 40 - ' ;:' 40 ——FCTT : Drive cycle: TEC10E20E ® R T
(%] (%]
2 30 - 2 30 —=—0Id AST (5X): TEC10 E2 OE
X X d
20 —8—New AST(1-serp) 20 —8—New AST (25X) : TECI0E20E <
—o—Modified Old AST (0.6V to 0.95V) 1-serp 2
10 10 —&—New AST Low flow4-serp (25X) : 8
—&4—New AST (4-serp) TEC10E20E &
0 T T 1 0 T T T T 1
0 50 100 150 0 500 1000 1500 2000 2500
Time (hrs) Time (hrs) PtCo' ‘ B‘OL ‘ Squar;-wave ‘ Wet Drive
https://energy.gov/sites/prod/files/2017/05/f34/fcto_myrdd_fuel_cells.pdf Mass activity can be used to

track composition



Carbon corrosion AST

Support AST
1.00
H,/Air Pol. Curves =80 hours @ 1.2V 1to 1.5V cyc|es Target =40 hours
0.90 V Carbon —0—380 hours @ 1.2V 6 -
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0.80 ——0 Cycles 1 to 1.5V 3 WMW 55 [
o —B—1000 Cycles 1 to 1.5V g
20 0.70 —#—2000 Cycles 1 to 1.5V 309 = 5
= 0.7
g 0.60 o2 o 10 30 ‘Z’ .
Time (s) ‘@
0.50 2
£ ETi )
0.40 - 5 Time @ 1.2V Hold
&g
0.30 r r r r r r r T T T " ® 100 X Cycling Time
0.00 0.20 040 060 0.80 1.00 1.20 140 160 1.80 2.00 2.20
Current Density (A/cm?)
250 - %09 NDIR @ Cathode Outlet 0 200 400 600
NDIR at Cathode Outlet o0 V Carbon Time (hrs)
200 | E Carbon—loo £0 200 Cydles 70 | @ \/ Ca rbon (25 hrs @ 1.2V)

@/ Carbon(50hrs @ 1.2V)
=200 to 500 Cycles

o]
o
I

. = 150 times faster decay in
fuel cell performance

. = 100 times faster Pt growth
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* NDIR can be used to track
corrosion
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Relation to PEMWE Anode AST

* Potential cycling AST going between high current/potential and low potential
using N, flow on the anode side to rapidly bring down anode potential < 0.5V
* Will be the most accelerated AST, but is applicable only when electrolyzer is
actually shut down and not switching between idle and full power.

* Potential cycling AST with LPL above 1.2V
* Less accelerated but clearly see IrOx content increasing and Ir in the
membrane and increased kinetic resistance at the lower loadings

* Potential cycling AST in H,/N,
e Can do this test under low current conditions without access to an
electrolyzer test stand and with just a potentiostat, gases and humidity
bottles



Membrane AST

25

20

15

10

Cross Over (mA/cm?2)

25 4

Cross over (mA/cm?)

RH Cycling 25 -
——N212 ﬁg" 20 -
7 -==Sample A L
—e-Sample B T 15
1 -e-Ballard HD6 =
2 10
i =-Ballard P5 o
=*%Dupont XL g 5
5 ,

OoCV

-@-Ballard HD6
-B-Ballard P5

===Sample A
2<—e—Sa mple B
=¥=Dupo

T T 1 0

0 10000 20000 30000
# of RH Cycles

RH Cycling in H,/Air (90 °C)
=-Ballard P5
-=-N211

===N211 - Repeat
=8—Dupont XL
=S=Dupont XL - Repeat
—=Sample A
—A—-Sample B

T T

T 1

0 5000 0 15000 20000
# ]éJygl%s

HFR (Arbitary Units)

100 200 300 400 500
Time (Hours)
—4—92/92/90C 2 min wet/2min dry
=—-92/92/90C 0.5 min wet/0.75 min dry
0 100 200 300 400

Time (s)

500

RH cycling test does not
have ability to distinguish
between most PFSA
membranes

OCV shows ability to
distinguish

Fluoride emission is a
good measure of
membrane degradation
(reported extensively in
literature)

Global membrane
thinning associated with
chemical degradation

Combined
mechanical/chemical AST
further accelerates
membrane degradation



Relation to PEMWE Membrane AST

* Fluoride emission during electrolyzer operation (cathode) is observed and so
the chemical degradation test can be used

e Will have much greater acceleration factors than fuel cells

* Acceleration factor will be critically dependent on membrane thickness and operating
conditions

* Failure due to pinhole formation and pressure differential needs to be
addressed.
* RH cycling for mechanical stress may not be as relevant.
* Pressure cycling needs to be accounted for

* Asymmetric H,O/Gas-pressure conditions in OCV mode (similar to combined
Mech/Chem AST for fuel cells) can be developed for electrolyzer membrane AST.
Example: High pressure H2 on one side and O2 on other with intermittent water
injection



GDL AST

GDLs aged at 95°C in 30% H,0,
(Original procedure from Decode project, Peter Wilde: SGL Carbon)
Simulates loss of hydrophobicity and Substrate pore volume increase
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New/Aged GDLs
show similar
performance in low
RH conditions

Aged GDLs show
lower high RH
performance at high
current density

EIS shows higher
mass transport
resistance with aged
GDLs

XPS shows more
surface oxidation of
aged GDLs

R. Mukundan, J. R. Davey, K. Rau, D. A. Langlois, D. Spernjak, ]. D. Fairweather, K. Artyushkova, R. Schweiss, and R. L. Borup, "Degradation of Gas Diffusion
Layers in PEM fuel cells during drive cycle operation," ECS Transactions, V58(1), pp. 919-926 (2013).



Relation to PEMWE Anode PTL AST

* MEA ageing will probably not work for a component specific PTL AST
» Catalyst layer will also degrade under those same conditions

* Might work for a very high loaded durable catalyst in combination with a defective
PTL (limited use)

* Develop ex-situ test that simulates the oxidation behavior observed under
electrolyzer conditions
» Evaluate peroxide ageing as a component specific AST
* Need to correlate with MEA data from Electrolyzers
* Maybe develop this with uncoated PTLs and then extend to coated PTLs

* Have to correlate both HFR increases (contact resistance/passivation) and
hydrophobicity changes (water transport)
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Conclusions

e Electrolyzer duty cycle capturing all the relevant degradation modes needs to

be developed
e Currently using Idle (no current) and high power transitions. Will incorporate pressure
gradients

 Component specific ASTs need to be developed and validated
* Detailed mechanistic understanding and parametric study underway
* Development of in-operando diagnostics to track degradation (EIS, crossover, fluoride

emission
* Correlation with ex situ measurements (catalyst composition and particle sizes, Ir, Pt
dissolution into ionomer/membrane, PTL contact resistance, hydrophobicity)

* Field validation
* Future work under the ASTWG

* International collaboration

* This meeting is a start
* Bring potential international stake holders to harmonize AST protocols for electrolyzers



Backup Slides



Drive cycles and degradation

Next generation electrolyzer:
Follow load and not just full-power/idle mode
Meet cost and performance targets with lower catalyst loadings, thinner membranes,
thinner PTL coatings etc.
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* Need to develop catalyst specific ASTs that are relevant to load following applications
* Need to capture : Dynamic operation, high current operation, and shutdown



Catalyst ASTs
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correlate to degradation observed in electrolyzer duty
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Membrane ASTs

Cathode side membrane degradation
observed, accelerated by Temp and

low currents

4.0
3.5
3.0

2.0
15
1.0
0.5
0.0

Fluoride release rate [pg/h/cm2]

0.8

0.6

0.2

Fluoride release rate [pg/h/cm2]

M. Chandesris, Int. J. Hydrogen Energy, 40, 1353-1366 (2015)

® Cathode side - T=80°C 0 Anode side - T=80°C

25 3

04 -

0.2 A/em? 1A/cm?
0.4 A/cm?
o0
00,4
® e
L4 o
° o0
A Y ®e ®
o
© 4,00000°%0 o o 00 oo
0 5 10 15 20 25
Sample's number
® Cathode side - T=60°C O Anode side - T=60°C

0.72 A/cm? 0.2 A/cm? 0.1 A/cm?

1A/cm? : > 1 04 A/cm? 1.6 A/emf >

<%
...ouu.] o
&% Ca)
se
000000,
.0 Pese
o R o) o
~'. Y [e% .’
o

o o o oo 00 0 oo

0

5 10 15 20 25 30 35 40 45 50 55 60

Sample's number

Cross Over (mA/cm2)

Previously developed combined
chemical/mechanical ASTs based on correlation
to field data (membrane) developed for fuel cells

25

@l HD6 (H2/Air): Cross Over (mA/cm2)
20

@y P5 (H2/Air) : Cross Over (m A/am 2)
15 Cathode
10
5 R. Mukundan et al., J. Electrochem.
. Soc., 165 (6), F3085-F3093 (2018)

0 1000 2000 3000 4000 5000
Number of Cycles

* Evaluate influence of temp, current, partial
pressure differential, shut-down/start up, and
presence of Fe on membrane degradation

* Evaluate both fluoride emission rate and
mechanical property changes during drive cycle
experiments

* Develop membrane specific AST



PTL ASTs

Have developed catalyst support AST with 100X

Ti Ieaching from un-coated PTLs is a significa nt acceleration factor over previous AST

source of degradation: Contact resistance i
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* Evaluate corrosion rates (leaching rates and
oxidation rates) of coated and un coated PTLs under

different conditions
* Temperature
e Potential/current density

» Track contact resistance and water transport

e Develop PTL specific AST



AST development (Literature)

Analytical Methods and main outcomes Dynamic operation

results in 40X faster
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AST development (Literature)

Na Li, Samuel Simon, ArayaSgren, and Knudsen Keer, Electrochimica Acta 370 (2021) 137748

Table 1

Examples of AST strategies used in PEM water electrolysis.
Stressor AST strategy Failure mode Reference
High current density 4 A cm ~2 for more than 750 h Anode catalyst degradation (Ir leaches out) [9]
Dynamic load cycling 0 A cm ~2 - 2A cm —2, dwell time of 100 s, 60 s and 10 s for each test Fluoride emission with fast load switches [16]
OCV-AST (dynamic load cycling) 3 A cm ~2 for about 10 min, 0.1 A cm ~2 for about 10 min and an OCV for about 10 min  Passivation of Ti-PTL and hydrous iridium oxide (8]
On /off (dynamic load cycling) 0-1Acm 2 for 5500 h Catalyst layer corrosion and membrane thinning [30]

Low load cycling
High load cycling

0OAcm2-05Acm 2
1.2Acm 2 -2Acm 2

Charge transfer losses especially on the hydrogen side
Membrane thinning and catalyst degradation

Current work
Current work




